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This research aims to develop a rapid layer manufacturing technique to provide
magnesium bone substitute for future applications in the medical fields. Selective laser
melting (SLM), which is a laser based additive layer manufacturing technique and capable
of producing required geometries directly from CAD data, is selected to build magnesium
structures. Magnesium has several intrinsic properties including its excellent biocompat-
ibility, biodegradable, bioresorbabiltity and proper mechanical properties which would
make it suitable for orthopaedic applications. This paper will discuss the status quo of this
material and its future implications. A miniature SLM system was built to achieve better
control of the atmospheric conditions in which the magnesium would melt. The results
revealed that the SLM is a promising technique to fabricate magnesium substitute for
various orthopaedic applications.
Keywords: selective laser melting; layer manufacturing; magnesium; magnesium alloy
structures; applications
1. Introduction
Rapid manufacturing (RM), also known as layer-by-layer
manufacturing, solid free form fabrication, or rapid proto-
typing, is a class of technologies that can fabricate highly
complex physical objects from computer-aided design
(CAD) systems, computer-based medical imaging modalities
and other data makers (Leong 2003). Once the CAD model is
generated, the model is sliced, each layer is defined by a layer
thickness. Each sliced layer is then built by adding materials
in a layer-by-layer fashion. To achieve more accurate parts,
smaller layer thickness values are chosen.
Selective laser melting (SLM), a laser-based additive
layer manufacturing technique, employs the energy from a
laser beam to selectively melt powders. A computer-guided
laser scans selectively over the powder bed to produce a
sintered layer. Subsequent layers are built directly on top of
previously sintered layers with new layers of powder being
deposited. Each successive layer bonds to the previous layer
until the geometry has been completed. The SLM process
deals with a wide range of materials such as polymer
powder, ceramic powder, metallic powder and their compo-
site powders. In addition, this process builds parts without
supports. These advantages make it applicable to a wide
range of applications.
Generally, medical metals including titanium, cobalt-
chromium and tantalum suffer from being bio-inert and
relatively high stiffness compared to the surrounding bones,
which can cause bone resorption due to stress shielding and
implant loosening (Ryan et al. 2006, Yook et al. 2009). On
the other hand, polymers and polymer bioactive composites
have been explored extensively to overcome this problem
(Kalita et al. 2003, Taboas et al. 2003). However, the
developments thus far have been limited to low load bearing
applications only. Since each of these material categories
presents some disadvantages, researchers are still searching
for an ideal biomaterial. In recent years, emphasis has
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shifted to magnesium and its alloys. This group of materials
is considered very promising because of its excellent
properties, e.g., relatively low Young’s modulus and proper
strength, excellent biocompatibility, biodegradability and
bioresorbability (Kalita et al. 2003, Gu et al. 2009). In
addition, researchers have established that the release of
magnesium ions could promote the development of bone
tissue (Gu et al. 2009). These properties would not only
serve the purpose of a scaffold in terms of mechanical
properties but would eliminate the need for post surgeries
for patients due to the degrading properties of magnesium.
The production methods for available magnesium scaf-
folds are currently restricted. Almost no research has been
done on the production of highly porous magnesium
substitutes. However, bulk magnesium parts have been
made by melting and casting powders (Denkena et al.
2005). Such conventional techniques have no difficulty with
respect to part size and complexity, however, the very
nature of the process would limit its capability in manu-
facturing fine structures required to fabricate substitute
structures. The requirements of these porous structures are
crucial to the success of scaffolds with requirements of high
porosity (i.e. 5090%) with suitable mechanical properties,
pore sizes in the range of 100400 mm for bone tissue
regeneration and pore interconnectivity (Hulbert and
Klawitter 1972, Yang et al. 2001, Hollister et al. 2002,
Karageorgiou and Kaplan 2005). In addition, the use of
RM techniques would enable customisation and a more
secure fit of the substitute which would enhance longevity.
The layer manufacturing of the magnesium scaffolds has
advantages beyond even those of producing fine structures,
unlimited shape complexity, increased speed and efficiency
of treatment. Additional unique and exciting characteristics
that may be realised by utilising the proposed technique
include the possibility of using the laser energy to control
the degradation properties of the magnesium bone sub-
stitute which may be useful for a variety of varied
applications within the biological system.
However, the immediate challenge in processing magne-
sium powders using a layerwise approach would be the
severe oxidation and flammability of such powders. This
paper highlights the strategies employed by the Hong Kong
Polytechnic University to achieve sufficient gas cover
during the processing of the magnesium gas cover and the
processing window obtained from the preliminary experi-
ments of melting single tracks.
2. Magnesium powders for SLM
In this study, two grades of magnesium powders were
obtained for analysis. Grade A, had particles between 75
and 150 mm (Magnesium Electron, USA). Grade B, had
particles between 5 and 45 mm (Advanced Technology,
China). Due to the reactive nature of magnesium powders,
it was critical that these materials are dry before the
processing.
The scanning electron microscope (SEM) (JEOL) was
used to investigate the morphology of magnesium powders.
Grade A magnesium powders are irregular in shape and
most of the particle sizes are between 75 and 150 mm as
shown in Figure 1. Grade B magnesium powder are
spherical and are below 45 mm in size as shown in Figure 2.
A X-ray diffractometer (EDX) (Phillips Xpert) was used
to investigate the element content in the powders. Grade A
Figure 1. SEM micrograph of coarse magnesium powders (Grade A).
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and B magnesium powders both had oxygen content of
approximately 1.3wgt% as shown in Table 1.
3. SLM system set-up
The bespoke miniature SLM system built at the Hong Kong
Polytechnic University was built to minimize the usage of
the material and to achieve sufficient gas cover during laser
processing. The system includes a shielding box with gas
inlets and outlets and a Nd:YAG laser system.
3.1 An experimental chamber
A ‘shielding box’ with gas inlet and outlets were designed to
circulate the argon gas within the box and to minimise
oxidation (Figure 3). The argon gas was purged with a
Figure 2. SEM micrograph of fine magnesium powders (Grade B).
Figure 3. Experimental system.
Table 1. Element analysis of the magnesium powder.
Element Weight% Atomic%
O K 1.03 1.56
Mg K 98.97 98.44
Totals 100.00 100.00
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minimum pressure of 2 bars in order to minimise possible
surface oxidation. The gas flow rate was 30 l/min prior to
the experiment. This was reduced to 20 l/min during the
experiment. The magnesium powders were pre-layered with
a thickness of 0.8 mm by a designed frame and manual
levelling. No preheating was applied throughout the whole
experiment.
An inert atmosphere is a requirement of the basic system
to ensure minimum to no oxidation. In the later stage of the
optimization of the experimental system, an oxygen sensor
will be placed within the shielding box in order to ensure the
oxygen content within the shielding box. The current system
allows us to investigate the potential of SLM to melt
magnesium powders through the formation of a single track.
3.2 Laser system
A Lumonics Lightwriter SPe Nd:YAG (neodymium-
doped yttrium aluminium garnet) (wavelength 1.016 mm)
continuous wave laser with a maximum of 28 W was used.
The laser is a basic laser mirror system. Under this
configuration the laser beam was delivered to the build
area by a set of two axes (xy) galvo-mirrors and a flat field
focusing lens. The oscillation of the galvo-mirrors guided
the laser beam. The scanning speed of the laser beam varies
from 0.2 to 300 mm/s. For the melting of magnesium
powders, the laser beam was focused to a spot size of 300
mm at a focal length of 330 mm.
Laser power is determined from the laser current
parameter. The laser is coupled with a marking software
namely Solo Graphical Interface Program Version 1.18.5
which does not provide the laser power option. However, a
laser current option is available which is measured in amps
(A). Both these variables are not perfectly linear to each
other. Therefore a means of quantification is required. The
system has limits between 0 and 35 A. To provide a
theoretical quantification of these values, calibration
experiments have been conducted. Figure 4 illustrates the
relationship between laser current and laser power.
4. SLM of magnesium powders
‘Energy density’ also known as Andrews number (AN) is the
ratio of the laser power to the laser beam speed and scan
spacing and is often regarded as the relative applied laser
energy per unit area.
AN
Laser Power
Laser Scan Speed  Laser Scan Spacing
(1)
Energy density is important to control the quality of parts
and is believed to directly influence the part layer,
the dimensional accuracy, density and strength of the
components fabricated (William and Deckard 1998, Leong
et al. 2001). Low energy density may cause insufficient
fusion or melting of the powers causing poor mechanical
properties. High energy density may cause vaporisation or
material movement, which will weaken the strength of the
part or will induce dimensional inaccuracies.
The heat generated from the laser beam on to the part
bed during the scanning of a part section profile causes the
surface of the powder to elevate in temperature and melt
the powders together to form a solid layer. However, the
amount of energy absorbed is determined by the duration
of heat on a unit area.
Since energy density is a function of both laser power and
scanning speed, it is necessary to determine the exact
processing window for the laser melting of magnesium by
means of experimentation. Under the fixed scanning space
applied, the scanning speed was varied from 10 to 300 mm/s
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Figure 4. Relationship between laser current (A) and laser power (W).
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and the laser power was varied from 0 to 35 A for the
experiments.
Tracks were melted using the Grade A, but coarse
magnesium powders did not melt or sinter any samples
(illustrated in Figure 5). Hence, the process window of this
work was developed from Grade B, fine magnesium powders.
The processing window of the magnesium tracks was
obtained by assessing parameters shown in Table 2. From
the processing window illustrated in Figure 6, it is clear that
when the power was too low or scanning speed was too
high, the tracks were sintered and fragile or were not
sintered and underwent partial marking only. As the energy
density increased, the magnesium powders melted. Figure 7
shows the melted track fabricated at 34 A and 20 mm/s. It is
clear that the energy imparted on the powder melted the
track; however, energy was also transmitted to surrounding
powders which have sintered around the melted track. This
would minimise the resolution of the track in terms of
dimensional accuracy and it would be critical that that issue
is minimised in further optimisation experiments.
Table 2. Parameters under which the single tracks were
processed.
Laser current (A) 22, 25, 28, 31, 35
Laser scan speed
(mm/s)
10, 20, 30, 40, 50, 60 . . . 100, 110, 120, 130 . . . 200, 210,
220, 230 . . . 300
Figure 6. Schematic of the processing window for the laser melting of magnesium powders.
Figure 5. Unsuccessful sintering/melting with Grade A (Coarse) magnesium powders.
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Figure 8 illustrates the variation in the process para-
meters resulted in the different effects on the fabricated
tracks. The layer fabricated at 25 A and 20 mm/s with an
energy density value of 0.33 J/mm2 shows that the
magnesium powers are not fused to one another and there
is no melting of particles. However, as the laser current
increases to 28 A at 20 mm/s the energy density increased to
0.66 J/mm2 a track is beginning to form. A further increase
in the Laser current to 31 A, cause a further increase in the
energy density to 0.99 J/mm2 which resulted in particles
melting and the formation of a disrupted surface and
smooth regular beads. It is quite clear that the formed
tracks are not absolutely coherent and displays a series of
spheres which have agglomerated to form a single track.
This may be a result of surface tension effects which form
a series of spheres which is often referred to as ‘balling’.
Table 3 shows that the wgt% of oxygen has increased by
approximately 2% on the surface once the magnesium
powders being to sinter. As the Laser current increases to
31 A and the magnesium powder has melted the increase in
the oxidation is by approximately 5% on the surface. On the
other hand, the cross-sections of these tracks do not display
any form of oxidation as the oxygen wgt% is approximately
the same as that in the initial powder state. This would
signify that the shielding box within the bespoke system
would need to be modified further to minimise the effects of
oxidation which could strongly limit the range of laser
powers and scanning speeds for successful processing,
introduce surface contamination, poor wetting and internal
oxidation which severely degrades material properties and
part geometry (Hauser et al. 1999, Das 2001).
5. Conclusion and future work
An experimental SLS system has been developed by
integrating a shielding box and a Nd:YAG laser system.
The successful melting of magnesium tracks demonstrates
that the SLM process has a potential in the fabrication of
magnesium scaffolds and will provide numerous advantages
over conventional methods and other biomaterials.
Future work includes optimising the shielding box to
minimise the effect of oxidation, the heat affected zone,
optimise parameters in the development of multi-layer parts
by means of process parameters and using magnesium
powders and their alloys with different particle sizes and
investigating the mechanical properties and biocompatibil-
ity and biodegradation of SLM fabricated scaffolds.
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Table 3. Element analysis of the magnesium after undergoing
the selective laser sintering/melting.
28 A, 20 mm/s 31A, 20 mm/s
Element Weight% Atomic% Weight% Atomic%
O K 3.72 5.55 6.31 9.28
Mg K 96.82 94.45 93.69 90.72
Totals 100 100 100 100
Figure 7. A magnesium track fabricated at 34 A and 20 mm/s by this SLM experimental system.
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